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ABSTRACT

Nemocataegis new genus, type species N mcleani, is proposed for
two (ldl)()rdt( ly scnlptluvd small-shelled cataegid gastropods from
separate dee I)—\\dt( r basins in the Indonesian })1()(7( ographic realm
of Wallacea. The tvpe species is from SS5 m in the Gulf of Bone,
between the southern and southeastcarn anns of Sulawesi where
the narrow gulf opens into the Flores Sea. The second species,
N quinni, is from 503 m in the Molucca Sea adjacent to Halmaliera,
Both species have the oblique, broadly (\pdndmv aperture, fluted
outer lip and strong spiral cords characteristic of C ataegis Mcl ean
and Quinn, 1987, l)nt shells are smaller (<20 mm) dl](l the spiral
cords are densely nodose, with fine axial ribs connecting the nodes
and a unique nnuoscnll)tuu' of fine threads and mtntaml\ in the
channels between node rows. A previoush described true Cataegis
is endemic to the Makassar Strait in Wallacea, occurring at depths in
excess of 1000 m. Catacgidae is re-diagnosed to include two genera,
siv nominat living species and two nominal tossil species. 'l I]( family
is assigned to Se cuenzioidea based on a combination of nu)vplm—
logic: l] and 111010(11](11 data. The new genus is endemic to Deep
Marine Wallacea, and the new species ocenr in- geographically
isolated basins. Along with previously described deep-water gas-
tropods in (’(‘()]()U]Ld]]\ ancient clades, they contribute to evidence
of relictual biotas. The biogeographic patterns are correlated witlh
factors that include the tracks of collecting expeditions, submarine
topography, biogeographic lines, patterns of oceanic circulation,
distribution of volcanic arcs and subduction zones. and major
structural features resulting from tectonic collision, fragmentation,
suturing, deformation, and extension over a period of more than
50 million years.

Additional  Keywords:  Sulawesi, Halmahera, Molucea Sea,
Makassar Strait, Banda Are, biogeography, hydrocarbon seep,
deep sea. endemism, biogeography, systematics.

INTRODUCTION

This is the third in a series of papers describing unusual and
relatively large-shelled (>20 mm) deep-water (200-2000 m)

gastropods from three basal vetigastropod families,

Remarkably, the specimens are from expeditions and
museum collections in which they may have been so
unusual that they were incorrectly filed, misidentified, or
simply waiting for resolution of the confused state of the
taxonomy of fossll and living basal gastropods that have
been dll()llsl\ arranged 1111(1(1 many names at the
“archae ()(rastlopod Umdo of evolution,

The first paper in the serics (Hickman, 2012) described
a new genus and two new species in the family Gazidae
Hickman and McLean, 1990. 1t included anatomical and
radular features as well as new shell characters. The
second paper (Hickman, 2016) described eight species in
the family Calliotropidae Hickman and McLean, 1990.
Both papers are focused on the Indo-West Pacific Region
and explore the complex geologic history of tectonic l)ldl(‘
interactions, arc \()l(dlllh]ll, sul)(luctl()n accretion, and
hydrography that identity a marine geobiogeographic
realm designated here as “Deep Wallacea.”

Deep Wallacea is distinet from the original terrestrial
biogeographic concept that originated \\1t]1 Alfred Russel
W al] we when he drew his fam()us line. Tronically, the
region between Wallace's Line and Weber's Line was
named “Wallacea™ by geologist and paleontologist R()}'
Ernest Dickerson in an overlooked paper (1924: 3, fig. 1
designating “(1) the Asian (Sunda) Shelf, (2) Wallacea, (m(l
(3) the r\n.stmlmn Sahul Shelf (as) the three well-defined
divisions of the Australasian Mediterranean Sea.”

The primary objective of this paper is taxonomic: to de-
scribe anew genus and two new species of extant deep-water
catacgid gastropods and to revise the diagnosis of the family.
A secondary objective is to provide a set of maps and dis-
cussion of factors correlated with the disjunct and relictual
distribution patterns of basal marine gastropods in Deep
Wallacea. These include the tracks of collecting expeditions,
the path of the Indonesian Throughflow and patterns of
oceanic circulation, the division of the region into many
separate basins and sub-basins, the distribution of active
volcanoes and volcanic ares associated with crustal collision
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and subduction, and the distribution of major structural
features and terranes that record a long geologic history of
dramatic change in the distribution of land and sea.

A briet bac 1\61()1111(} of the ccology of living catacgids,
their pd](‘()llt()]()“’l(d] record, and th( ir previous (ldwﬁm-

tion follows as an introduction to the svstematic treatment.

coLociear BaACKGrouND

Living cataegid qastl()p()ds have been reported previously
from 1)<1t]1\d] depths ( >"()() m) in two widely separated
regions of the world: (1) the combined basins of the
Caribbean Sea (Mchzm and Quinn: 1987; Warén and

Bouchet, 1993, 2001; Gracia et al., 2001) and Gulf of

Mexico (McLean and Quinn; 1957; Warén and Bouchet,
1993, 2001; Carney, 1994; Cordes et al., 2010) in the
Americas and (2) basins in the Southwestern Pacifie that
inchide the South China Sea (Fu and Sun, 2006), Wallacean
Indonesia (McLean and Quinn, 1987), and Vanuatu
(Kano, 2007; Warén, 2001). (I()mpl(‘.\ active tectonism in
these regions has produced some of the same geologic
settings dll(l features (subduction zones, thick acere tionary
prisms and melange, fanlt zones, nud volcanoes) that in
turn give rise to nnnsu.ll ccological settings. While geolo-
gists have focused on fluid expulsion in these settings
(sn]ﬁ(]( s, petroleum, and other hyvdrocarbons, « ‘SP(‘UJ”\‘
methane), biologists have focused on the ecological com-
munities e \p](ntnw chemical energy via che mosmth( Sis.

Living cataegid gastropods consistentlv are associated
with cold seeps where conduits for sulfide- and methane-
rich fluids are expelled. In these environments microbial

chiemosynthesis creates both a rich nutritional souree and
a challenging oxvgen-depleted setting for development of an
extre 111()1)}11]0 macrobiota. In the Gulf of Me wico catacgids are
linked to specifie sulfide and hvdrocarbon seeps off Louisiana
(Carnev, 2004; Cordes et al., 2010) and in the Caribbean in
the thick acceretionary prism oft Venezuela, Trinidad, Barbados
and Colombia (Gracia et al., 2001: Gill et al., 2005).

Fluid expulsion may also m(]n(]v barium-rich water that
precipitates at oxicZanoxic boundaries as barium sulfate
and barite sheets, mounds, cones and chimneys where
a cataegid is part of a unique seep community (Cordes
et al., 2()1()) The catacgid collected in the volcanic are of
Vanuatu was associate (1 not onlv with cold seeps and
ivdrothermal vents. but also was reported as common on
sunken wood (Warén, 2011).

PALEONTOLOGICAL BACKGROUND

Fossil specimens all occur in cold-seep carbonates and
represent a broader geographic range that mcludes Lower
Cretaceous (Valanginian) rocks in California (Kaim et al.,
2014), and Upper Cretaceous (Campanian) rocks in Japan
(Kaim et al., 2009; Kiel, 2010). Kicl and Campbell (2005)
note that “trochomorph™ gastropods that are abundant in
some Lower Cretaceous cold-seep limestones in California
are difficult to classity without original shell material.

At the boundary Detween the South American and
Caribbean plates, collection records of Catacgis meroglypta

are more numerous from Paleogene and Neogene seep
carbonates than from modern seeps in the region (Gill et al.,
2005). although this is potentially biased 1)\ greater san-
p]mﬂ effort in the fossil record. The record ()f Cenozoic
seep faunas in the Caribbean has been extended to sites
in the Dominican Republic and Cuba (Kieland Hansen.
2015).
The number of species is likely to imerease with rec-

ognition of fossil shells de seribed under other names in

(ul\ literature. Kaim et al. (2014) note the morphological
snmlant\ WAl sp(‘cus described as Phasianema tauro-
crassum Sacco, 1895 from the Miocene “Calcare a Lu-
cina.” classic seep limestone chemoherms (Moroni, 1966,
Taviani, 1994) in the Appenine chain of the Italian pen-
insula. Of special note is a species from Trinidad described
as Solariella godineauensis by Katherine VanWinkle (1919),
who noted (p. 26) both a flaring aperture and crenulated
carinac. Kiel and Hansen (2015, fig. 14E) provide an ex-
cellent image that clearly shows seguenzioid axial threads in
the interspaces between spiral cords.

NOMENCLATURE AND CLASSIFICATION OF CATAEGID
GASTROPODS

The genus Cataegis, along with the family Cataegidae, is
a relative v late addition to the large <rl()])(11 inventory of
ve tl(mstl()l)()ds The tamily group was ()ﬂ"llld]]\ described
and treated as a trochid’ subfamily of unce rtain affinity
(McLean and Quinn, 1987, Hickman and McLean, 1990;
Warén and Bouchet, 1993). In a transfornnative, new working
gastropod classification (Bouchet and Rocroi, 2005), the
familv was tentatively reassigned to Seguenzioidea along
with C alliotropidae and C ln]()(l()ntuld(‘ This new view ()f
Catageidae is supported by molecular data (Kano, 2007;
Kano et al., 2009; A]\tl[)h and Giribet, 2012), although
the ¢ dtd(“’l([ sequence used in all three analyses (Cataegis
sp.) is, unfmtundt( Iv, not tied to a shell vouc her specimen.
Prior to this report there were four nominal species of
cataegid gastropods, all described under Cataegis: two from
the Caribbean (McLean and Quinn, 1987), one from
Indonesia (McLean and Quinn, 1987) and one from the
South China Sea (Fu and Sun, 2006).

Paleontologists have recognized fossil Catacgis specimens
as s(‘ml(lllj()l(l without fm'tll(l classification (e.g. Kiel and
Hansen, 2015), or with assigmment to (,(ltd(‘gllld(‘ as a sub-
familv of Chilodontidac Wenz, 1938 (Kaim et al., 2009; 2014).

SYSTEMATICS

Subclass Vetigastropoda Salvini-Plawen, 1950
Seguenzioidea Verrill, 1884 (unranked)
Eucvcloidea Koken, 1897 (unranked)

Family Catacgidae McLean and Quinn, 19587

Genus Cataegis McLean and Quinn, 1987

Type Species:  Homalopoma finkli Petuch, 1957 (senior
synonyvin of Cataegis toreuta McLean and Quinn, 1987).
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Recent, Gulf of Mexico, Caribbean and YWestern Atlantic:
at continental slope depths, 3371283 .

Remarks:  McLean and Quinn (1987) based the family
group and genus primarily on a highly unusual radula in
the type species. The rachidian was missing, the in-
nermost laterals lacked cusps and were ¢ lab()mt( Iv fused,
and remaining three laterals had siall cusps but com-
plexly mt(‘r]()c]\mg shafts and bases. Hickinan and
McLean (1990) suggested that the radula represented
“an evolutionary excursion in the direction of disorder.” It
was therefore surprising when Warén and Bouchet (1993:
fig 14C) figured a radula from C. meroglypta McLean and
Quinn, 1987 with a robust rachidian tooth with a well-
developed and sharply-edged cusp. Habitat data help
make sense of the radular disparity, because C.
meroglypta occurs on hard substrates at methane seeps
and feeds on baeterial fihns. whereas the type species is
reported to feed on sunken and decaving seagrass (Warén
and Bouchet, 1993). Although mdul(u m()rph()l()(f\ is
usually the best indicator of suprageneric placement,
the (dtd(’("ld shell is unusually rich in characters that

arc used 11(‘1(‘ to supplement the original description of

the tamily group and to accommodate a second genus,
Nemocataegis, for which the radula and anatomy are
unknown.

Three unique characters, in combination, were speci-
fied as diagnostic of the family group and genus (MelLean

and Quinn, 1987: 111- 112):'str0ng spiral cords, lack of

columellar plications, and the oblique, broadly expanding
aperture. Additional characteristic features include the
deep. concave spiral interspaces lined with extremely fine
prosocline or slightly sinuate axial threads and a dense
nnuosculptlnv (){ (hsu)ntmm)nx reticulate or wiastomos-
ing, ridges and grooves that are infilled or overprinted by
a thl]\\ or umn])l\ brownish intritacaly (sensn D'Attilio
and Radwin, 1971). The intritacals mav be so extensive ly
developed as to obscure the 1111(1()$(‘11]1)tmv but it clearly is
not a continuous periostracal sheet. Intritacalx is also an
mportant microstructural feature in two other segue nzioid
families: Fucyclidae (Herbert, 2012) and Ld]hohopld e
(see Hickman, 2016, for a discussion).

Macroscopic axial sculpture in Cataegis is restricted to
clongate. fine nodules on the spiral cords. In all cataegids
the columella is thickened, arcuate, lacking plications or
teeth and covered with a thin callus that extends to cover
the umbilicus completely or to leave a narrow uwmbilical
chink. Interior nacre is not covered with a translucent
inclined prismatic layer as in some seguenzioids, and it
does not extend all the way to the growing margin of the
shell, even in adults with de su‘ndmtr sutures (md final
apertures. Splml ornament is visible t]n(m(fh the interior
nacre as ridges and grooves. Fluting of the outer lip at the
termination of spiral ridges and grooves is also charac-
teristic of the family.

Genus Nemocataegis new genus

Type Species:

Nemocataegis meleani new species.

Description:  Shell small for family (height <15 mm),
turbiniform, low spired, with r dl)l(”\ (‘\l)dl](]lll(’ body
whorl and large, oblique aperture; spiral ribs increasing l)\
interealation to >10 on body whorl and erossed by nu-
merous thin, continuous, pl()soclm(‘ axial threads that
form elongate nodes or sharp scales on spiral ribs; spiral
groves with microscopic sculpture and brownish intri-
tacalx; colmnellar lip arcuate, smooth, and thickened by
opaque callus; callus almost completely covering umbi-
licus as well as extending into interior margins of basal and
apertural lips and covering nacre; adult suture and ap-
erture descending; interior nacre with weak ridges and
grooves reflecting exterior spiral sculpture.

Remarks:  The new genus is clearly distinguished from
Catacgis by its smaller shell size (<15 mm), more mi-
merous, narrower, and prominently-beaded spiral cords,
narrower spiral interspaces, lack of continnous periostracun,
and well-developed intritacalx in microscopic grooves
between crowded axial microsculptural threads.

1t is unfortunate that the protoconchs are worn and that
there are no data on the anatomy or radula. It is re-
markable that the empty shells are so exquisitely pre-
served, and it is possible that the well-developed
intritacalx has served a protective function against dis-
solution. Shells show no sign ot encrustation, but there is
evidence of repaired breakages. The known specimens
come from grav nmd at slope depths and are most likely
deposit teeders.

Etymology: Nemo (Gr. thread) + Cataegis, in refer-
ence to the fine axial seulpture that distingnishes the
threaded cataegids.

Nemocataegis mcleani new species
(Figures 1-5)

Diagnosis:  Enlarged body whorl evenly  rounded,
without peripheral or hasal demarcation: 6 primary spiral
cords visible in apical view, 5 additional spiral cords visible
in awmbilical view; secondary spiral cords intercalated
between primary (l(]dl)l((l] spnal cords; axial ribs forming
short, sharp, anteriorly directed spines on primary (m(]
secondary spiral ribs; thin callus de posit covering interior
nacre on onter and basal lips overlapping colume ll(u callus
at base and top.

Description: The type  species of Nemocataegis is
clearly distinguished from N. quinni new species (de-
scribed be l()\\) by mmore numerous primary spiral cords
and more prominent, sharp, spinose projections where
they are crossed by axial threads. The short spines are
m(mnpl(‘tel\ closed and project anteriorly (Figures 2, 3).
In the deep spiral grooves the depressions I)(‘t\\( en axial
threads are filled \\'1tln intritacalx that cither obscures
underlying  structure  or  shows faint axial lincation
(Figure 5).

Holotype: USNM 239464, height 14.4 mm, maximum
width 14.0 mm.
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Figures 1-5.

Type Locality:  03°17'40" 120°36'45" E.,
Boni (Bone), Celebese (Sulawesi), SE of Olang Point. 454
fathoms (=SS5 m), U.S. Fish Commission, RN\
ALBATROSS, Station 5656, 19 December 1909, gray mud.

Distribution:  Known only from the tvpe locality.

Etymology: Named for the late James H. McLean in
1((()0111t1()11 of his nmany lmpmtml contributions to un-
derst: m(lm(r basal marine gastropods.

Remarks:  The holotype appears to be an adult speci-
men on the basis of terminal growth features that include
a descending suture and terminal translucent callus
covering, but not totally obscuring, nacre inside the outer
lip (I‘IUIII(‘ 3). Height and width are effective ly equal. A
major l)l(‘d]\d(f(‘ in the basal portion of the outer lip
(Figure 4) is repaired by a partially disjunct continuation
of S(ll]ptlll(’ The shell is re 111(11‘1\'(1])]\ fresh in appearance
and was not encrusted by epizoans i the manner common
to many calliotropids, especially those living on hard
substrates.

Nemocataegis mcleani new species. 1, Semiapertnral, 2.
239464, height = 4.4 mm. 3. Detail from Figure 4 of nodose axial ribs and closelv-spaced threads filled with brownish intritacalx.

Gult of

Apical, 3. Basal, and 4. Abapertural views of holotype, USNM

Nemocataegis quinni new species
(Figures 6-10)

Description:  Enlarged body whorl with slightly con-
cave shoulder slope; final aperture strongly oblique, with
descending suture; spiral ribs of unequal strength and
spacing, interspaces broader than ribs; numerous fine axial
threads producing small blunt nodes at intersection with
spiral ribs; brownish intritacalx well developed between
axial threads in spiral interspaces; colnmellar callus re-
flected and covering umbilical region: columellar lip
strongly arcuate, mllus extending into aperture, partially
()l)s(lnm(r interior nacre: interior nacre with weak spndl
ridges.

Holotype: USNM 239279. Height 14.0 mun, maximum
width 13.4 mm.

Type Locality:  00°1920” N, 127°25'30" E. Molucca
Sea, Halmahera, off Makian Island, 275 fathoms (=503 ).
U.S. Fish Commission, R/V ALBATROSS, Station 5622,
29 November 1909, grav mud.

Distribution:  Known only from the type locality.
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Figures 6-10.
239279, height =

Etymology: Named for James F. Quinn, Jr. in recog-

nition of his insightful contributions to the svstematics of

deep-sea gastropods.

Remarks: This speeies is distinguished from the type
species by its more numerous, shorter and bluntly
rounded nodes on the spiral ribs, a completely obseure d
umbilicus, slightly convex shoulder slope on the body
whorl, more stmnwl\' descending final aperture. and less
visible traces of spnal sculpture in the interior nacre. The
terminal growth features on the shell of the holotype
suggest that it is an adult. The brownish intritacalx
(Figure 10) is well developed in axial interspaces over the
entire shell except at the apex. The protoconch small, but
sufficiently worn that the boundary with the worn early
teleoconch whorls cannot be discerned.

DISCUSSION

In light of pronounced under-sampling of the deep-water
fauna of Wallacean Indonesia, it is remarkable that the
region contains so many speeies and higher taxa that have

Nemocataegis quinni new species. 6. Semiapertural,

7. Apical, 8. Basal, and 9. Abapertural views of holotvpe, USNM
1.0 mm. 10. Detal from Figure 4 of nodose axial ribs and closelv-spaced threads filled with brownish intritacalx.

never been recorded in relatively well-samipled regions of
the Indo-Pacifie. The endemic genus and two new species
of Catacgidae deseribed Mo join a diverse assemblage
of basal gastropods that ineludes an endemic genus of
Gazidae (Hickman, "()l 2) and six recenth-described
large-shielled species of Calliotropidae (Hickman, 2016).

A\(l(qu(lt(‘ sampling of the deep Wallacean fauna re-
quires a protocol that recognizes factors that appear to be
contributing the accumulation of relictual taxa. The pri-
mary purpose of this discussion is to extend previous
characterization ot deep Wallacea  (Tlickman, 2009a;
2009b: 2009¢; 2012; 2016) and to provide a set of graphic
illustrations (Figures 11-16) of the interacting compo-
nents of decp Wallacean complexity.

This narrative begins with the currently known oe-
currences of species with deep (Paleozoic or Mesozoic)
evolutionary origins and endemic or strongly disjunct
representation in separate basins within Wallacea. 1t
proceeds with components of explanation that are con-
sistent with the objectives and tracks of previous collecting
expeditions, the basins and sub-basins of Deep Wallacea,
shallow oeceanic circulation and path of the Indonesia
Throughflow, the distribution of active volcanoes and
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voleanic ares, and the distribution of trenches, taults, and
major tectonic features that are essential to understanding
the geologic historv of changing distribution of Lm(l
and sea.

The term “Indonesian \1(]]1[)(110() (the Malay Archi-
pelago of Wallace, 18605 1863; 1869) is a misnomer. A
modern map Indonesia at the scale typically used to depiet
the islands of Oceania misses most of the more than 17000
islands and their arrangement. The region is actually
a composite of separate dl(]]]p( lagic seas, straits and "u]fs
that have opened. expanded, contracted, and in some
instances disappeared over a 200 My geologic history that
began with the break-up of (,()11(1\\‘111(1 (Metcalfe, 2011).
The larger islands in these seas have likewise moved,
C()”l(](‘(]\ fused, separated or disappeared during the
tectonic evolution of the region. Many islands  have
emerged or submerged during its more recent eustatie
lnst(m The bioge ()Umpln( effects of sea level change
(]111"111(r the I’ll()(( ne and Pleistocene have received con-
Sl(](ld])](‘ attention from terrestrial and shallow marine
biogeographers. Regional biogeography still lacks a deep
marine perspective. Appreciation ()f the paleobathymetrie
complexity of the Wallacean seaways is, however, of in-
creasing interest to physical oce d]l()UI(lp]l( rs and meteo-
1()]()<rlsts investigating large-scale influences of ocean
GireulationNeT, (’l()])d] climate (e.g., Cane and Molnar,
2011).

ExpeMIc axD REvictuar Taxa ix WALLACEA

Occurrences of cataegid gastropods in deep Wallacea are

illustrated in red in Figure 11, along with occurrences of

calliotropid  (green) and gazid  (blue)  vetigastropods,
abyssochrysid gastropods (vellow), and a living coelacanth
fish (star). Previous discussion (Iickman, 2016) of the
dee p ge ologic origing (Paleozoie or Mesozoie) and pro-
nounced U]()]m] (]lS]llll( tions in these groups are consistent
with the l]\p()tll( sis that thev are relictual taxa. The fossil
records of more wide S])I(’(l(] geographic occurrence and

greater taxonomic diversity are similarly indicative of

a concentration of relictnal taxa in Dee P Wallacea.

EXPEDITIONS AND BENTING SAMPLING COVERAGE

Within Wallacea, the distributions shown in Figure 11 are
correlated with the tracks of the Dutch Sisoca Expedition
of 1889-1900 and the RV Arpatross Philippines Expe-
dition of 1907-1910 (Figure 12). Although both expedi-
tions produced 1(*111111]\(1])](‘ ()((‘d]l()(’]dp]]l( data, dredge
samples, and new marine taxa from >200 meters, the
research ()])](‘Lll\( s were different in intent and execution
as well as i their subsequent study and publication of
results.

The Sioca Expedition was conducted under the
leadership of Professor Max Weber, a distinguished zo-
ologist at the University of Amsterdam, whose proposed
tm(l\ (shown in orange in Figure 12) was a zig-zag cex-
ploration of the margins of t]l(’ region of d((p marine
basins between the Sunda and Sahul continental shelves.

His proposed track was not followed precisely, but it
appears to reflect Weber’s curiosity about the terrestrial
biogeographic lines that 1((‘(>ntl\' had been drawn by
W d“d((‘ (1863) and Lyddeker (1 $96) and their p()t(‘ntml
oceanographic correlates. The commander of the SiBoca,
G.F. Tvdeman, was expert at recording deep soundings
and ()uuln()(rmp]nc data (Tyvdeman, 1903) from the >300
sampling stations. Most 1(1ndlkdblv the taxonomic results
were published in a series of ~100 monographs and in-
cluded descriptions of the prosobranch  gastropods
(Schepman 1908; 1909). For a summary of the S1soca and
other Dutch Oceanographic research in Indonesia in
colonial times, see Van Aken (2005). The specimens were
from both shallow and deep stations on the periphery of
the region, and the Sisoca did not sample in the gulfs,
lnsms. and sub-basins of Sulawesi and Halmahera.

The Ausarross Philippines Expedition was designed as
atfocused survey of the aquatic resources of the Plnllppm(‘
Islands, under the command of Hugh MeCormick Smith
of the U.S. Bureau of Fisheries. It was condueted as
a series of cruises, with the addition of a final twvo months
in the Dutch East Indies (Indonesia) at the end. The
major biological reports are on the fishes (see Smith and
Williams, ]99‘)5 The track of the ALsaTross in Indonesia
is shown in purple in Figure 12).

Little is known about th(‘ objectives or why the cruise
was narrowly focused on obtaining colle setions and data
from deep stations in Sulawesi (M(d\dss(u Strait, Gulf of
Bone, and Gulf of Tomini) and the western margin of
Halmahera. Malacologist Paul Bartsch, who had repre-
sented  the Smithsonian Institution in the preceding
Philippines cruises, left the expedition betore it departed
for Indonesia. Hugh McCormick Smith also had de-
parted, and there is no record of who was in charge. What
little we do know is from the dllt()])l()(’ld[)l]\ of Rov
Chapman Andrews, who was recruited as a 24-year- -old
gracuate student and charged with terrestrial u)llv(tmﬂ
He notes (Andrews, 19- 13: 67) that “It wasn't a lmpp)
ship™ and that he was “supposed to have no part in the
dredging operations™ (p. 72). He makes no mention of
marine mollusks in his romanticized account.

In spite of what little is known samples were obtained
from 72 stations between 7 November and 30 December
1909. Specimens and station data were 111('ticul()nsly
processed and accessioned into the Smithsonian mollusk
collection and archives and are still heing discovered and
studied by malacologists with expertise in various taxo-
nomic groups.

With the exception of the Sisoca Expedition and its
monumental series of reports, oceanographic research
during colonial rule in Indonesia has been character-
ized as a “gunboat science” (Van Aken, 2005). However,
Van Aken’s (2005) summary highlights many important
livdrographic, physical and ch(‘nncal ()uum()wmplnc, and
ge ()p]l\%ltd] data that were obtained and published by
(l( dicated scientists who obtained pnvate funding.

A limited hiological sampling effort in 1922 in tho Vi-
c¢inity of Kai dl](l Tanimbar was aimed at evaluating
a [)I()[)()S(‘d Danish tropical marine station (1\1()1t(‘118(‘11




C.S. Hickinan, 2017

Page 157

PACIFIC OCEAN

PACIFIC OCEAN

BANDA SEA
(S. BASIN)

h.'.

- Sahul Shelf

INDIAN OCEAN

BANDA SEA
(S BASIN)

Sahul Shelf

INDIAN OCEAN

Figures 11-12.  Simplified maps of marmne Wallac (‘.l(mnpdrin«fn((nrr( nces of relictnal deep-water taxa and tracks of major collecting
expeditions. 11. ( ollecting sites for cataegid (red circles), calliotropid (green circles), gazid (blue circle) and abyssochrisid (vellow circles)
gastropods; and living fossil coelacanth f1s]1 (blne star). 12. Tracks of tln Sihoga Expedition (orange) on the margins of W allacea and the

Albatross Expe (htl()n (purple) within northwestern Wallacea.

1923) and contributed no (lvop ~water gastropods perti-
nent to this discussion. The KARUBAR joint Indonesian
and French cruise in this region, also sampled primarily at
shallower depths (< 500 m) with a strong focus on the
Arafura Sea (outside of Wallacea) rather t]nm in the Banda
Sea (Crosnier et al., 1997). An additional joint Indonesian
and French sampling effort (CORINDON 2) (Moosa.
1984) sampled deep-water stations on either side of the
Makagsar Strait, adding a abyssochrysid records, imcluding
a new species (Bouchet, 1991).

B1oGEOGRAPHIC LiNes AND THE EvoLvinG CONCEPT OF
WALLACEA

More than enough has been written about the drawing of
lines by terrestrial biogeographers in the Indonesian re-
gion (e.¢ g., Mayr, 1944; Michaux, 2010). From a marine
perspe (tn(* the margin of the Sunda Shelf to the west and
margin of the S: L]m] shelf to the east define Wallacea as
a region in precisely the manner originally intended by
1)1(]\( srson (1924) when he proposed tlw terin. Wallacea is
illustrated here (Figure 13) as lying betwe en the “Wallace
Line and Weber I,m(* shghtly m()(hht d” (see Dickerson,
1924: fig. 1).

The Oceanographic Data Set for the ALBaTROSS sampling
in Indonesia includes 71 stations concentrated close to shore
n four separate basins adjacent to Sulawesi and Halmahera
(Makassar Strait, Gulf of Bone, Gulf of Tomini, and Molucea
sea). These basins are shown in blue (Figure 13). In cach
setting, the 200 1m isobath is very close to shore, and 36 of the
Stdtl()ll% sampled were from de ptl 1s >200 m, 30 stations were
from >1,000 m and 13 stations were from >1,500 m.

Restriction of marine fauna to individual basins, gulfs,
and straits within Wallacea is consonant with the complex
geological history of fragmentation and amalgamation in
marine Wallacea as a whole. Similar recognition of
multiple sub-regions of endemism in the terrestrial biota
(e.g.. Michaux, 2010) advances biogeographic analysis as
an integration of distributional data with  geotectonic
history.

TheE INDONESIAN THROUGHFLOW AND SHALLOW OCEANIC
CIRCULATION

Patterns of distribution of marine invertebrates in Wallacea
are typically examined in terms of the oceanic currents that
transport and disperse pelagic larvae. Considerable emphasis
has been placed on the potential importance of the In-
donesian Throughflow (ITF) in determiming patterns of
gene tic connectivity. The gateway connec tion l)( tween the
I\()lth Pacific and the Indmn Ocean (Figure 14) is a com-
plo\ svstemn of shallow and deep currents. The main route
is a shallow southward flow of the Mindanao Current
through the Celebese Sea and Makassar Strait. It enters
the Indian Ocean between Bali and Lombok with another
branch turning eastward through the Flores Sea. branching
again to flow through the Banda Sea, entering the Indian
Ocean through the Ombai Strait and Tinor Passage on
either side of Timor.

Mmor secondary flow through the Molucca Sea and
into the Banda Sea is more (‘()mpllcdt( . North Pacific
water is initially deflected from reaching the Banda Sea by
castward reversal of flow in the South P quatorial Current
(SEC) into the North Equatorial Counter Current
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Simplified maps of factors corre lated wath occurrences of relictual deep-water taxa. 13. Outline of Wallacea bounded

on the west by Wallace’s Line (purple dashes) and the cast bv Lvdekker’s Line (broken purple dashes), and the four deep basins (blue)
from which the Albatross gastropod specimens were (ll((l”( d: Molucca Sea, Gulf of Bone, Makassar Strait, and Gulf of Tomini, 14.
Surface currents of the Indonesian Throughflow (ITF) from fll( North Pacific through the Sontheast Asian Gateway to the Indian Ocean
and surface currents with no significant flow throngh Wallacea (gray). 15. Nine major Wallacean basins underlain by oceanic lithosphere
(blne), the anomalously deep Weber Basin (dee P Nu( cand lnst(m( ally active volcanoes (red triangles) defining basin boundaries. 16.

Fault systems and subduetion zones (red) associated with major tectonic terranes, and position of tll( outer (lwllt pink) and inner (dark
[)m]\\ zones of the Banda Arc.

(NECC) mfluenced by several large semi-permanent a temporallv and spatmll\ variable pattern that is in-

eddies (Arruda and Nof, 2003). Deeper flow entering
the B(m(l(l Sea is further ninpeded by sills and physic dl
])(1111018 separating sub-basins (G ordon et al.. 2003:

Van Aken et al, 2009). The Banda Sea appears to con-
tribute a relatively minor amount to total throughfow
(Gordon and Fine, 1996). This is an oversimplification of

completely characterized in spite of a growing body of
detailed oceanographie data. The patterns of H()\v vary on
time scales ranging from davs and seasons to decades “and
significant pe Il()(]S of ge ()]()("IC time (Tillinger, 2011).
While the 1TF (sh()\\n in Purple in Figure 14) and
interactions with the boundary between major gvres and
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eddies (shown in gray in Figure 14) mav be significant
factors m the (]IS[)(‘I\dl and conneetivity in the hvper-
diverse shallow marine biota of Wallacea, thev are less
likely to play a role in understanding the endemisim in
deep-water “cataegid, calliotropid, or gazid gastropods
(Hickman. 2012, 70]6) From an occanographic per-
spc(tlvc this is Decause de ‘ep-water current svstems are
different and from a biological perspective because deep-
water vetigastropods lack a significant pelagic dispersal
stage in their life history. They likewise have been un-
aff( cted by Pliocene and Pleistocene sea-level change and
because tll(\ occur in basins that are isolated h()m one
another by submarine topographic barriers that restrict
the dispersal of benthie adults.

MaRrINE Basins axD VOLCANIC ARCS

There are at least 26 bathymetrically distinet basins within
the Wallacean region that reach bathval depths (>200 m).

The nine illustrated in blue (Figure 15) contain species of

basal marine gastropods in  clades associated  with
chemical energy sources. The Wallacean basing are al-
ternatively ide ntlfwd in the literature and on maps as seas
(laut), straits (selat), or gulfs (teluk). Straits are narrow
passages between islands, while gulfs are deep inlets or
indentations in the larger emergent landmasses, notably
the Gulf of Tomini and the Gulf of Bone in Sulawesi.
Complex ridge systeins create bathymetric isolates in
some of the ]) asins. Examples in the Banda Sea include

a main North Basin (Sula) and a South Basin that is further
subdivided into the Wetar, Damar, and Weber basins.
The Weber Deep (in dark blue) is an anomalous, tec-
tonically generated bathymetric isolate in the Banda
Forearc \\1t11 depths excee dm(f 7 ]\m The Makassar Strait,
the Bone Basin, and the Gulf of Tomini also contain
bathymetrically distinet sub-basins. Although bathvinetry
and submarine topography can confine or restrict Denthic
taxa that lack a p](ml\t()mc dispersal phase, bathymetric
complexity must be further integrated with the (T(‘()l()(’l(
history. This is e specially true of \()](dl]]( arc activity tlmt
has s]mp(*d basin deve lopment and the se sdime ‘ntary
component of de ‘ep-water ecosystems.

The link between geologic and ec ologic settings in deep
Wallacea has not been L\l)l()l(‘ l. Unde 1st(mdm<f the role
of volcanic ares in basin development, ’s(’(]lnl(lll(ltl()ll
underlying stratigraphy, structure, geophysics, and geo-
(]1( mical peculiarities is crucial to unde rstanding the (l( ep
benthic realm in which endemic and relictual taxa have
accumulated. The 111(1]()1 abiotic features of l]ld"ln(ltl( are
history (Hall and Smyth, 2008) provide a frame \\ml\ and
stdmmr point for future integrative study.

The 111()(1( srn volcanic ares in Wallacea (Figure 15) are
depicted by red circles representing voleanoes that have
been active historically (Smithsonian, 2016). There are
many more named volcanic edifices that are pwsnm(ll)l\'
inactive, and little is known of submarine volcanism.

The subduction zone system in Wallacea includes four
volcanic arcs (Figure 15). The Sunda and Banda volcanice
chains mark the zone of melting as the Indo-Australian

plate is subducted beneath the Eurasian Plate. To the
north, the Sanghe (or North Sulawesi Are) and the
Nahnahera Are m(ul\ the convergent margins of the formerly
larger Molucca Sea Plate that is disappearing in a unique
m()d( ' example of double subduction system. The con-
striction of the formerly broad Molucca Se away necessarily
represents a constriction of deep marine habitat and is
consistent with the occurrence of relictual molluscan taxa
(Hickmau, 2012; 2016).

Much of the basin formation in Wallacea appears to be
driven by extensional rather than compressional tectonic
forces (Charlton, 1991: Charlton et al., 1991 Hall, 2013;
Pownall et al., 2013). These include the opening of both of
the two deep interarm basins of Sulawesi: the Gorontolo
basin in the Gulf of Tomini (Pholbud et al. 2012) and the
Bone Basin in Sulawesi (Sudarmono, 2000). The im-
portance of slab rollback and lithospheric extension in the
Banda Arc is perhaps most dramatic in the proposed
detachment model for formation of the Weber Deep
(Pownall et al. 2016).

Further understanding of basin history requires ex-
amination of subsurface structure, which is difficult to
depict and interpret in simplified map view. The following
section highlights some of the Wallacean structural fea-
tures tlmt are especially germane to the peculiar geo-
graphic distribution of deep-water marine Ud\tl()l)()(l%

MAJoOR STRUCTURAL FEATURES AND FHhisTORY

The major structural teatures of Wallacea (Figure 16)
provide a starting point for understanding the complex
history that is treated in a diffuse and (*\()l\mtr body of
literature and live ly debate over alternative interpretations
(See Hall, 2011: 2013: Hall and Blundell, 1996): Hall and
Wilson, 2000; Hall et al. 2011 and references therein).
Full understanding of modern Wallacea requires going
back to the Paleozoic break-up of greater Gondwanaland
and tr;u'ing svpm‘ati()n and movement of micro-
continental fragments. the openings new ocean basins,
the collision and suturing of slivers, translations and
subductions, and disappearance of some of the features
ultimately responsible for the modern distribution of
te (t()lll((l”\' bounded marine basins and terrestrial
blocks and fragments (e.g., Metcalfe, 2001; 2011).
Features depicted in red in Figure 16 include active
trenches, major sutures, thrust faults, and strike- slip
faults and fault zones.

The most prominent structural feature is the horseshoe-
shaped Banda Are (Figure 16), a complex suture zone in
which multiple Jurassic to Neogene pre-collisional imbri-
cate wedges are continuous with post-collisional evolution
of the modern forearce (Charlton et al., 1991). The zones of
folding and thrusting of the outer are complex (successively
older fr()m southeast to northwest) and the modern deep
forearce basin are represented in pink, in Figure 16). The
Islands and volcanoes of the active inmer are are repre-
sented in salmon. The Banda Arc is an exemplar of an arc-
continent collision with multiple episodes of accretion of
crustal blocks and fragiments and is treated in an extensive
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literature (e.g. Bowin et al., 1980; Charlton et al, 1991; Hall
and Wilson, 2000: Harris, 2006: and references therein).

Three additional suture zones (Figure 16) are: (1) the
Sulawest Suture, also a complex region of multiple col-
lisions. (2) the Sorong Suture, a major east-west trending
fault zone of multiple collisions, and (3) the Molucea
Suture where two colliding volcanic ares are converging to
close the ancient Molucea Seaway (see Hall and Wilson,
2000 for a review and references).

The relevance of the Wallacean suture zones to marine
biogeography, endemism. and the deep-water relictual
(rdstr()p()d taxa resides in the clear evidence of geo-
cliemically unusual and extreme environments of interest
to pet troleum geologists, who have identified commercial
hydrocarbon occurrences (Charlton, 2004), hvdrocarbon
seeps (Camplin and Hall, 2014) and mapped fields of mud
volcanoes (Barber et al., 1956).

Biological expedition reports provide few clues to
geoche 1111(.11 and sedimentary settings at sampling sta-
tions. However, the increasing ge ()]om( al evidence in

deep Wallacea for both (‘\p]()sn e and diffuse expulsion of

fhaids rich in sulfides and hyvdrocarbons (Hickman, 2016)
are consonant with the presence of (1) taxa that have been
identified elsewhere in the world as part of chemo-
svnthetically hased commumities, (2) adaptations to toxic
Huids and ]1\1)0\1(1, and (3) nutrition based on elevated
productivity of chemosynthetic microbes and microbial
mats.

CONCLUSIONS

Understanding of the marine biogeography of Deep

Wallacea is in its infanev. Distribution of relictual basal
gastropod taxa is linked to features mapped in this paper:

expedition tracks and biological sampling, positions of

discrete marine basins and tll( ir topographic boundaries,

patterns of ocean currents and cire ulation, distribution of
active volcanoes and voleanic arcs, and distribution of

what remains of the complex structural record of tecto-
nism over many millions of years. A full geobiological
historv will emerge only tln()uﬂll integrating (th a h(nn the
disparate sources and disc lplm( S m]plu ate d above. At the
same time, interdisciplinary exchange is likely to assist
both gcologists and biologists in Ad(h(xsm(r separate,
dise lplm('—sp( cific questions. It is ironic that a paleontol-
ogist should find herself attempting to unravel a deep-
water geobiological history that has no preserved fossil
record in \\de((‘d However. it is those with formal
training in both geology and biology who are most likely to
he challo wed (m(] attracted to this kind of ll]t(‘(fhltl\(‘
effort.
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